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ARCHIVAL RETRIEVAL: 
Techniques for image enhancement 

J.C.W. Newell, B.A., D.Phil. 



1. INTRODUCTION 

The BBC has a large archive of video tapes that are 
conventional-PAL coded and have a 4:3 aspect ratio. 
Some of these recordings have serious impairments 
and others have impairments which would become 
more apparent to the viewer if they were broadcast in 
an enhanced definition format. To convert material 
from the archive to an EDTV format will require PAL 
decoding and a change in aspect ratio. After this 
processing, the pictures may suffer from cross effects 
and will appear to lack resolution; but there are other 
impairments such as noise, ringing, moire patterning, 
head banding, and drop-outs. These flaws would be 
highly visible on large widescreen sets and the 
pictures not likely to compare favourably with any 
new material which would be broadcast. 

A study has been undertaken into the use of advanced 
image processing techniques for the restoration and 
enhancement of archive recordings. The aim of this 
was to determine whether any of the advanced digital 
image processing techniques which have been 
developed for scientific and security applications 
could be used to improve the perceived resolution of 
archive material or remove some of the impairments. 
It is important that any processing technique can be 
applied economically and is not dependent on the 
frequent intervention of a skilled operator. 

The unnatural appearance of soft or blurred edges is 
the most noticeable feature of low resolution images. 
Although texture and fine detail may be poorly 
reproduced this is less noticeable. The blurred edges 
around coarser detail however are quite apparent and 
may be disturbing to an observer, since they suggest 
that the eye is focused incorrectly. 

In this Report, it is proposed that the appearance of a 
low resolution image can be enhanced by sharpening 
edges, even if the reproduction of texture and short 
impulses is not greatly improved. It is obvious that 
this technique should not be taken too far; an observer 
has a knowledge of the real world and would be 
disturbed if the resolution implied by the edge 
sharpness conflicts with the resolution implied by the 
lack of texture. 

There is no benefit to be gained from sharpening 
edges beyond the capabilities of the display system. 
However, it is likely in the future that the resolution of 
much of the material within BBC archives will be 



below the capabilities of newly-available delivery, 
storage and display systems. 



2. LINEAR ENHANCEMENT METHODS 

An ideal video system has a frequency response which 
is uniform up to a band-limit where there is a 
reasonably sharp cut-off. Aperture correction, using 
linear filters, should be used to adjust the response of 
components of the video system (mainly the camera 
and display responses) to achieve a uniform response. 
However, the capture, processing, recording and 
replay of video images may not lead to an ideal 
response. 

Aperture correction is an example of inverse filtering 1 
which, in principle, should be able to correct any 
departure from an ideal response. However, in 
practice, the effectiveness of inverse filtering is 
limited by the presence of noise which may be greatly 
increased by the use of an inverse filter. 

Inverse filtering requires a knowledge of the impulse 
response (in the spatial domain) or the transfer 
function (in the frequency domain). It is difficult to 
deduce the overall transfer function for archive 
material because the characteristics of the different 
processes which have been applied are not known. 
However, an estimate can be obtained from an image 
by analysing isolated edge features. 1 Ideally, camera 
test patterns would be used but, because these are not 
normally present in archive material, clean edges have 
to be identified by a viewer who makes assumptions 
about the image. To minimize the effects of noise, 
several edges can be averaged. 

Once the profile of a sharp edge has been found, the 
horizontal impulse response can be found by 
differentiation. The transfer function, in the frequency 
domain, can then be found by taking the Fourier 
transform of the impulse response. This process can be 
extended to two dimensions if required. The inverse 
filter required to restore the image can be found by 
inverting the transfer function and then taking the 
inverse Fourier transform. However, if this filter is 
applied directly to an image the resultant transfer 
function has a sharp cut-off at half sampling frequency 
which will produce severe ringing on edges. To avoid 
this, a weighting function, such as the Hanning 
window, can be applied to the inverse transfer 
function before taking the inverse Fourier transform, 
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but this will inevitably reduce the improvement in 
resolution which has been achieved. 

This technique was applied to some sequences 
obtained from archive C-format recordings. Graphics 
on large advertising signs were used to obtain the 
horizontal impulse response, since it can be reasonably 
assumed that these are sharp edges on a uniform 
background. A stationary black to white transition was 
chosen to avoid the effects of camera lag and PAL 
cross-effects. It was difficult to evaluate the impulse 
response accurately because it was impossible to avoid 
the effects of adjacent detail and texture in the 
'uniform' background. However, the approximate 
form of the transfer function was found and an inverse 
filter with a high-pass characteristic was produced. 
But it was found that very little enhancement could be 
achieved when this filter was applied to the original 
images and that any improvement was accompanied 
by increased noise and PAL cross-effects. To reduce 
the noise problem, a thresholding or coring process 
was applied to the high frequency information before 
it was added to the source picture; but although this 
was effective, it was still difficult to obtain any 
worthwhile improvement in the perceived sharpness. 

The question arises as to why a technique which is so 
popular in the field of image enhancement is of such 
limited use for enhancing video images. The answer is 
that, in applications where inverse filtering is effective 
(e.g. defocussed images, motion blur), there is a slow 
roll-off in the high frequency information. The signal- 
to-noise ratio is adequate for a reasonably wide 
frequency range above the nominal bandwidth. Video 
signals, however, have a sharp roll-off at the nominal 
bandwidth, above which the signal-to-noise ratio falls 
rapidly with increasing frequency. The range of spatial 
frequencies over which inverse filtering can be 
effective and before noise dominates, is therefore 
small. More advanced linear techniques, such as 
Wiener deconvolution or Maximum Entropy methods, 
are not likely to be effective for similar reasons. 



3. ALTERNATIVE APPROACHES 

In general, linear methods which sharpen edges will 
make ringing worse. If the band-limit is low and edges 
look soft, there is a temptation to apply too much 
aperture correction, which will lead to an increase in 
overshoots and ringing. It is very common to find that 
aperture correction has been overdone, where it results 
in the familiar banding or outlining around objects 
which looks unpleasant. 2 

Some overshoot on edges can enhance the appearance 
of an image, if the period is sufficiently short. How- 
ever, continued ringing beyond the first overshoot is 



undesirable. Edges can be sharpened without 
increased ringing by adding a detail signal. 3 A 
refinement of this technique is to modify the form of 
the detail signal so that it also cancels ringing if 
already present. 4 

A simple technique of this kind was tried on some 
archive sequences, enhancing only vertical edges in 
the luminance component. Edges were detected by 
differentiation, the position being defined by the 
location of the point of inflection, which occurs at the 
midpoint of a transition. The shape of the detail signal 
had to be adjusted to match the period, phase, and 
decay characteristics of the ringing; but it was difficult 
to achieve a good match, because the profile of 
different edges in the same picture varied 
con-siderably, due to PAL cross-effects and other 
factors. Some problems also arose on diagonal lines, 
due to errors in determining the position of the edge, 
which led to distortion. There were also odd effects on 
thin lines, due to the fact that the profile of edges is 
modified if the distance between them is less than the 
width of the impulse response. 



4. NON-LINEAR METHODS 

Due to the inadequacy of the methods which have 
been described, a new approach was considered. To 
sharpen edges in a bandwidth limited system it is 
necessary to add frequency components that are above 
the band-limit of the system. This suggests that a 
non-linear approach is necessary, as it is impossible to 
generate these frequency components using a linear 
approach. There is another possible benefit to be 
obtained from the use of non-linear filters: they can be 
made less susceptible to noise by restricting their 
effect to areas where the sharpening is needed. In this 
case, there may be a significant increase in edge noise, 
but the plain regions of a picture would suffer only a 
small increase in noise. 

The design of non-linear filters can be difficult 
because the complexity rises rapidly with the order of 
the non-linearity. It is also difficult to characterise a 
non-linear filter for the following reasons: 

(i) A sinusoidal input signal will not, in general, 
result in a sinusoidal output: the output may 
contain frequency components which are at 
multiples of the input frequency. 

(ii) The characterisitics of the output signal may 
change with the amplitude of the input signal. 

(iii) The principle of superposition no longer applies 
and the response to one signal is affected by the 
presence of another. 
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As a result, the analysis in the frequency domain, 
which forms the basis of linear filter design, is in- 
appropriate in the design of non-linear filters. For this 
reason, the required properties of an edge- sharpening 
filter are defined here in the spatial domain. 



5. REQUIREMENTS FOR AN 

EDGE-SHARPENING PROCESS 

In a band-limited imaging system, an edge has a 
limited gradient and rise-time. If an image feature is 
found with a gradient at this limit, it could be 
justifiably assumed that it is an edge. It could also be 
assumed that the edge should be sharper, and thus 
warrant a correction signal. The correction should be 
subject to several constraints: 

(i) It must have the same effect on rising edges as on 
falling edges. 

(ii) The correction must give an effect which is 
independent of the position of the edge. 

(iii) It must not cause any shift in the apparent 
position of the edge. 

(iv) The correction must be independent of the 'sit' of 
the picture. 

(v) It must scale linearly with the height of the edge. 

The effect of the third constraint is that the correction 
signal must be zero at the midpoint of the rise-time of 
the edge. Non-linear filters can easily break the last 
two of the constraints but it is possible to ensure that 
they are obeyed by adopting an approach based on the 
gradient of the signal. 

Clearly, there will be image features which are shaped 
like edges but have a gradient which is lower than 
would be expected of a sharp edge in a bandwidth- 
limited system. In this case, the correction signal 
should have a negligible effect; again, suggesting that 
it should be related to the local gradient. 



6. A NON-LINEAR EDGE-SHARPENING 
PROCESS 

Ignoring ringing for the present, an edge can be 
represented by the function: 



Y (x) = x 
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Fig. 1 - Non-linear edge-sharpening process. 



(R018) 



-3- 



as shown by the solid line in Fig. 1(a), which is close 
to the shape used in a pulse and bar test signal. It may 
be desired to transform this into a sharper edge (dotted 
line) which has the same shape but half the rise-time. 
The correction signal that would achieve this is shown 
by the solid line in Fig. 1(b) and is simply the 
difference between the two edges. An edge-sharpening 
process would need to generate a correction signal of a 
similar shape which obeyed the constraints that have 
been specified. 

A number of non-linear functions were considered to 
see if they had the required properties. Given that the 
gradient is an important factor, it would be expected 
that the first derivative would be significant. However, 
the second derivative has one of the required 
properties: it is zero at the midpoint of an edge. It was 
found that an appropriate correction signal could be 
obtained by taking the product of the first and second 
derivatives of the input signal. However, to ensure that 
the correction scales in the required way with the 
height of the edge, it is necessary to take the 
square-root of the product. This gives the correction 
signal shown by the dotted line in Fig. 1(b). If this is 
added to the original edge, the sharpened edge shown 
in Fig. 1(c) is obtained, with the original edge shown 
by the dotted line for comparison. Higher-order 
products of the first and second derivatives could be 
used to modify the shape of the correction signal if 
desired, at the expense of greater complexity. 

The modulus of the product must be taken to prevent 
problems with the square-root function. To give the 
correct effect for rising and falling edges, it is 
necessary to give the correction signal the same sign, 
or polarity s, as the second derivative. The complete 
sharpening operation is therefore given by the 
expression: 



Yout = Y + s . k . 



7 -1V2 

d_7 cT\K 
dx dx 2 



where s = sgn 



d 2 y 

d7 



where Y is the input signal, Y ou t is the output signal, x 
is the position, and k is the sharpening parameter (an 
adjustable constant that controls the degree of 
sharpening that is obtained). This function has the 
properties needed for edge-sharpening and satisfies all 
the specified constraints. 



7. FREQUENCY-DEPENDENT 
PROPERTIES 

Although the frequency domain is inappropriate to the 
design of non-linear filters it is interesting to examine 
the behaviour of the new process as a function of 
frequency. If the input signal is assumed to be a 
continuous sinewave, then the output of the non-linear 
process can be shown to be an odd periodic function 
of x, which can be expanded as a Fourier sine series. 
The output is therefore the summation of an infinite 
series of odd harmonics. The amplitude of the 
harmonics can be shown to rise linearly with the 
amplitude of the input signal, but also rise with the 
frequency of the input signal to the power of V2 . 

The action of the process on a sinewave is similar to 
symmetrical clipping in a limiter circuit. However, in 
this case, the shape of the output waveform does not 
vary with signal amplitude or DC level but does vary 
with the input frequency. At low spatial frequencies, 
the process has no effect on a sinewave input signal. 
However, as frequency rises, a sinewave is distorted in 
such a way that the transitions become steeper and the 
peaks become flatter. 



8. APPLICATION TO SAMPLED SIGNALS 

To be of practical use, the new process must be 
applied to sampled signals. The gradient at any 
position in a sampled system can be obtained 
accurately using the linear filter shown in Appendix I. 
The implementation of the non-linear process is 
therefore very simple; it involves taking the product of 
two linear filtering operations and then the square-root 
function. 

For any significant benefit to be obtained, the 
sampling frequency, and the display system, must be 
capable of representing at least some of the additional 
information that is generated above the cut-off 
frequency of the original signal. There is also the 
danger that aliaising may occur if the sampling rate at 
which the non-linear process is implemented is 
insufficient. At the point where the multiplication 
takes place, a series of harmonics are generated. Any 
harmonic above half the sampling rate will generate 
an alias frequency. It was found that the only 
significant aliases are those generated by the third 
harmonic; so the process must be undertaken at an 
adequate sampling frequency to support the third 
harmonic of any frequency component in the input 
signal. If required, down-conversion is then possible 
without the risk of aliasing. The non-linear process 
can also generate inter-modulation harmonics but 
these have not been seen to cause any visible effects. 
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Fig. 2 - Functional diagram of2-D non-linear edge 
sharpening process, with an optional linear filter. 

The series of harmonics generated by the non-linear 
process includes the fundamental. As with the other 
harmonics, the amplitude of the fundamental rises 
with frequency to the power of %. When added to the 
input signal this gives the effect of high-frequency 
pre-emphasis which can lead to an increase in noise 
and ringing. If necessary however, this undesirable 
gain can be removed using a linear filter,* as shown in 
Fig. 2; a functional diagram of a complete two- 
dimensional edge-sharpening process. The process 
consists of two non-linear paths, which generate the 
horizontal and vertical sharpening signals, and a linear 
path which can have the optional filter to correct the 
amplitude of the fundamental component. For clarity, 
it is not shown that the modulus is taken before the 
square-root function or that the sign of the second 
derivative is applied afterwards. 
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2T - pulse and bar 

-non-linear processed 
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Fig. 3 - Pulse and bar signal degraded with Gaussian 
low-pass filter. 



A software simulation of the non-linear process has 
been written for investigating the effect of the process 
on real pictures. This implements the process on the 
luminance signal in the horizontal and vertical 
directions, with a separate adjustable sharpening 
parameter for the two axes. 



9. PROPERTIES OF THE NON-LINEAR 
PROCESS 

9.1 Degraded pulse and bar signals 

The effect of the non-linear process was explored 
using a number of test signals. In Fig. 3, the input 
signal (dotted line) is a pulse and bar signal which has 
been degraded by filtering with a Gaussian low-pass 
filter. Note that this has reduced the height of the 2T 
pulse by 50%. The output signal from the non-linear 
process is shown by the solid line. It can be seen that 
the edge of the bar has been sharpened without the 
introduction of ringing or any lateral displacement. 
The edges of the pulse have also been sharpened and 
the width of the base of the pulse has been reduced but 
the height has not been restored. 

In Fig. 4, the input signal (dotted line) is a pulse and 
bar signal which has been degraded with a sharp cut 
low-pass filter. The output signal from the non-linear 
process is shown by the solid line. The sharpening 
effect is similar to that seen in Fig. 3, except that there 
is now also the effect on the ringing to consider. There 
is no increase in the amplitude or duration of the 
ringing but the profile has been modified. 




x position 

pulse and bar signal degraded 
by a sharp-cut L.P. filter 
pulse and bar signal from 
a non-linear process 



Fig. 4 - Pulse and bar signal degraded with sharp-cut 
low-pass filter. 



The linear filter should have a frequency response given by 1 - (// k) 
where the value of the constant k is determined by the value chosen for 
the sharpening parameter, k. 
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Fig. 5 - Pulse and bar signal degraded with sharp-cut 

low-pass filter. 

Before and after linear aperture correction. 

The effect of conventional aperture correction is 
shown for comparison in Fig. 5, where a filter with a 
gain of 6 dB at 5.5 MHz has been applied. Some 
degree of edge-sharpening, has been obtained, but the 
amplitude and duration of the ringing has increased 
considerably. 

9.2 Horizontal and vertical edges 

Fig. 6(a) shows horizontal and vertical edges which 
are typical for a bandwidth-limited video signal.* 
When the non-linear process is applied, the sharpness 
of the edges can be increased considerably (as shown 
in Fig. 6(b)). However, there is a small increase in the 
visibility of the ringing; it has been 'sharpened' because 
its profile has been modified (as seen in Fig. 4). It will 
be seen later that this feature of the process improves 
the visibility of low amplitude detail in a similar way. 
The process is, however, unable to distinguish ringing 
from detail, and works best on images where a limited 
amount of ringing is present. The effect of conventional 
aperture correction is shown for comparison in 
Fig. 6(c), where a filter with a gain of 6 dB at 5.5 MHz 
has been applied. Again, some degree of edge- 
sharpening has been obtained, but the amplitude and 
duration of the ringing has increased considerably. 

Gaussian noise was added to this test image to give a 
SNR of 40 dB (Fig. 7(a)) and the non-linear process 
was then repeated (Fig. 7(b)). It can be seen that the 
visibility of the noise has increased slightly in plain 
areas, with some evidence of edge noise on the 
sharpened edges. In comparison, the use of the conven- 
tional aperture correction filter has resulted in a large 
increase in noise over the whole area of the picture 
(Fig. 7(c)). 




(a) - Unprocessed. 




(b) - After non-linear processing. 



m^ 



(c) - After conventional aperture correction. 
Fig. 6 - Horizontal and vertical edge test picture. 



To demonstrate the differences in edge sharpness clearly, all the images 
in this section have been magnified by a factor of five using upconversion. 
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(a) - Unprocessed. 




(b) - After non-linear process. 




(c) - After conventional aperture correction. 
Fig. 7 - Horizontal and vertical edge test picture with noise. 

9.3 Sinewave zoneplate 

The horizontal and vertical sharpening parameters 
were adjusted to give equal levels of sharpening in the 
horizontal and vertical directions. The sharpening 
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Fig. 8 - 'Kiel Harbour' test picture degraded with a 
Gaussian low pass filter. 



effect then appears to be uniform around the rings of 
the zone plate, which suggests that the implementation 
of the process as two parallel one-dimensional 
processes appears to be acceptable. As stated earlier, 
no effect is expected or could be seen at low spatial 
frequencies. As spatial frequency rises, the sharpening 
effect can be seen as an increase in contrast and 
sharpness. If the spatial frequency is allowed to rise 
further the sharpening effect is limited when the third 
harmonic exceeds the bandwidth of the display 
system. 

9.4 Degraded test pictures 

The luminance component of a sharp-source picture 
('Kiel Harbour') was degraded using a Gaussian 
low -pass filter having a 6 dB loss at 3.4 MHz, applied 
horizontally; then an equivalent degradation was 
applied vertically. This made it very obviously blurred 
(as shown in Fig. 8(a)). When the non-linear process 
was applied, the subjective sharpness of the image was 
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improved considerably, as can be seen in Fig. 8(b). 
When the processed image was compared to the 
original source picture, it was clear that some detail 
had not been restored but the subjective sharpness was 
still much better than the degraded image. 

When the processed picture was expanded by 
upconversion and examined closely, it could be seen 
that the processed picture had an artificial appearance. 
The effect was not unlike 'painting by numbers', in 
that the picture consisted of smooth objects bordered 
by sharp edges. This illustrates the limitations of the 
non-linear process and the effect will always become 
apparent if too much sharpening is applied. 

Surprisingly, some areas of texture appeared sharper, 
such as the surface of the sea. This is thought to be 
due to a similar effect to that seen with the ringing in 
Section 9.1. Low amplitude detail involves small 
gradients and therefore is not readily perceived. The 
human eye does not appear to be very sensitive to 
small amplitude changes when the gradient of the 
transition is small. By increasing the gradient, without 
increasing the peak amplitude, some detail and texture 
appears to become more visible. 

A second degraded image was produced by filtering 
the source picture with a low-pass filter having a sharp 
cut at 3.4 MHz. In this case, the non-linear process led 
to a sharpening effect but the unpleasant effects 
(caused by the severe ringing in the picture) were not 
improved. It would obviously be very useful to have a 
non-linear process that can generate the additional 
information above the pass-band, required to suppress 
the ringing on edges. 

9.5 Archive sequences 

A test sequence obtained from a C-format recording 
(called 'Wimbledon Scoreboard') was used to invest- 
igate the effect of the non-linear process on archive 
material. In contrast to the 'Kiel Harbour' test image, 
this sequence was originally PAL-encoded and was 
decoded using a line-based Weston PAL decoder. It 
has some PAL and VTR artifacts and a significant 
amount of noise. 

It was possible to achieve a reasonable increase in 
sharpness using the non-linear process, but there was 
also an increase in the visibility of the noise. This 
increase in noise almost certainly outweighed the 
benefits of the additional sharpness. 

As the sequence had only small localized areas of 
movement, a simple method of noise reduction was 
adopted. A temporal average was taken of four 
successive frames which led to a considerable reduction 
in the noise in stationary areas. The non-linear process 



was then repeated. The sharpness could now be 
improved, especially in the graphics and symbols in 
the picture, without any problems due to noise. This 
shows that edge enhancement must be combined with 
noise reduction to achieve a useful effect on archive 
material. 



10. DISCUSSION 

The non-linear process that has been described has 
been shown to be an effective edge-sharpening 
method having some useful properties: 

(i) The increase in noise is considerably less than 
that associated with conventional aperture 
correction or linear restoration methods. 

(ii) A large degree of sharpening can be applied to 
edges without increased ringing or the 'out- 
lining' often seen when aperture correctors are 
heavily applied. 

However, the process does lead to a change in the 
character of the noise and works best when only a 
limited amount of ringing and noise is present. 

As discussed in Section 2 an overshoot on edges is 
sometimes desirable. An overshoot can be generated 
by the non-linear process by increasing the value of 
the sharpening parameter. The overshoot is short in 
duration and ends within the rise-time of the original 
signal. This is impossible to achieve with any linear 
method. There is no undershoot or continued ringing 
after the overshoot, both of which would be 
undesirable. 

The process could be described as a system where the 
ability to resolve periodic signals can be decoupled 
from the impulse response and the edge profile, some- 
thing which is impossible in a linear system. It has not 
been possible to find published details of any similar 
process. A technique with some similarity is an ana- 
logue circuit often used in VHS recorders to sharpen 
vertical edges. 5 In this technique a linear high-pass 
filter is used followed by a non-linear noise reduction 
circuit which uses coring to reduce noise and clipping 
to reduce overshoot. This type of circuit can some- 
times create odd effects on edges and is no simpler to 
implement digitally than the proposed technique. 



11. OTHER APPLICATIONS 

There are several other possible applications for the 
non-linear edge-sharpening process where it may have 
advantages over linear methods. The use of linear 
filters to restore the effects of camera integration and 



(R018) 



-8- 



camera-lag is restricted by the effects of noise and 
ringing. An alternative approach would be to use the 
non-linear process to enhance the blurred areas of the 
picture by sharpening the remaining edges. This would 
mean that, although camera integration would lead to 
a loss of texture in moving areas, the edge sharpness 
would be restored. 

Very simple methods of noise reduction are some- 
times used in video systems, such as coring. However, 
there are a number of problems associated with coring 
and strange effects can sometimes occur. An 
alternative approach would be to filter the signal to 
reduce noise using a slow roll-off low-pass filter and 
then reconstruct the edges using the non-linear process. 

The aim of the non-linear process is, in effect, to 
estimate what information above the original passband 
of the input signal has been lost. In images which are 
rich in edge features it does this reasonably well. In 
images which are rich in strong random textures it will 
obviously fail. If it is possible to predict some of the 
high frequency information in a signal from its low 
frequency components then it may be possible to 
reduce the energy in the high frequency spectrum by 
subtracting the predicted information. This may then 
make it easier to apply a digital coding scheme. It 
would be possible to replace the missing information 
at a later stage as it can again be predicted from the 
low frequency spectrum. 

Future multi-media systems will give the user 
facilities to manipulate images and sequences. This is 
likely to include an ability to 'zoom in' or cut out and 
expand features of interest. When large magnification 
factors are used the image will appear blurred, due to 
the limited resolution of the original image. One 
possible application for the non-linear process is to 
improve the edge sharpness of these images. 



12. FURTHER DEVELOPMENTS 

The non-linear process described in this Report restores 
edge sharpness but does nothing to correct the height 
and width of short impulses. As the pulse-width is re- 
duced at the input to a band-limited system, the output 
pulse-width limits at the width of the impulse response 
and the pulse height falls. If a non-linear filter could 
be developed which restored the pulse height and 
pulse width, without introducing ringing, it would im- 
prove the reproduction of fine detail, such as fine lines 
and texture. However, this would greatly increase the 
susceptibility of the enhancement process to noise. 

Video signals generally have a uniform frequency 
response up to the nominal bandwidth, at which point 
there is a sharp cut-off. This inevitably leads to ring- 



ing which cannot be removed without the loss of 
detail, unless information is added beyond the cut-off 
frequency. It may be possible to devise a non-linear 
process that will extrapolate this high frequency 
information by inference from the information that is 
present. 

All restoration and enhancement methods are 
susceptible to noise. A coring technique could be 
applied to the detail signal in the non-linear path of the 
current process but, inevitably, some detail would be 
lost, and the problems associated with coring would be 
introduced. A correlated detail approach could be 
adopted which would selectively enhance only 
extended features, such as lines and edges, but 
suppress the enhancement of impulsive or random 
features (including noise). However, the only fully 
satisfactory solution is to develop more advanced 
noise reduction techniques using temporal filtering 
with motion compensation. 



13. CONCLUSIONS 

It has been found that linear methods for image 
enhancement give disappointing results when applied 
to archive video recordings, with little improvement in 
perceived resolution and additional problems of 
increased noise, ringing and PAL cross-effects. 

A simple but effective non-linear edge-sharpening 
technique has been described which is able to generate 
information beyond the passband of the original signal 
by extrapolation. The technique results in a 
significantly smaller increase in noise and ringing than 
comparable linear methods; also, it can be used to 
enhance any material where the resolution is lower 
than that of the display system. 

Several ways in which the technique could be 
improved have been suggested which may be feasible 
using non-linear filters. However, it is apparent that 
noise reduction is an important requirement for the 
enhancement of archive material and that edge- 
sharpening methods are of limited use in isolation. 
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APPENDIX I 

The Gradient of a Sampled Signal 

The value of a sampled signal at any position, x, can be expressed as a linear combination of adjacent 
sample values using the expression: 

Y(x) = £ Y ig (x- Xl ) 

i = — oo 

where the coefficients are given by the linear interpolation function: 



g(x) = 



smnf s x 
Kf s x 



Differentiating this with respect to x gives the gradient at any position in terms of the adjacent sample 
values using coefficients given by the function: 



Y'(x) = V Y j g (x-x ; ) where g'(x) = 



cos%f s x sinnf s x 



A linear filter with coefficients defined by this function can therefore be used to determine the gradient of 
a sampled signal. A practical filter with a finite number of coefficients can be obtained by using a 
window function, such as the Hanning window. The filter used to determine the gradient for the process 
described in this Report had the following coefficients: 
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